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ABSTRACT 
Tropical mangrove forests can play an important role in the functioning of adjacent marine 
ecosystems, by protecting them from an excess in land-derived sediment and nutrients. The 
strength of this interaction may however depend on the nutrient status of the mangrove forest. 
This study related the nutrient status of eight mangrove forests in Phang Nga Bay (Thailand) to 5 
the land-cover distributions in the upstream catchment areas. Nutrient status was assessed using 
indicators integrating over short (porewater and sediment nutrient composition) and long 
timespans (mangrove leaves and sesarmid crab tissue characteristics). Using multivariate 
statistics (PCA analysis), these nutrient status data were then related to the land cover data, 
which were obtained through the analysis of satellite imagery. Nutrient availability was lowest 10 
for mangroves in catchments with large natural vegetation cover and was elevated in catchments 
with increasing levels of anthropogenic influence. Furthermore, nutrient availability was 
significantly correlated with several forms of land use, including natural forest, rice paddies, 
cleared ground and urban areas. While all indicators supported these results, relationships were 
strongest for long-term indicators. Information on the relationship between land use in the 15 
catchment area and mangrove nutrient status may be important for the effective management of 
this habitat, as well as adjacent marine systems.  
 
Keywords: eutrophication, urbanization, South-East Asia, porewater, stable isotopes.  
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INTRODUCTION 
Wetlands and coastal systems play key roles in the functioning of earth and human systems, but 
are worldwide adversely affected by land degradation processes and land use changes (Mitsch & 
Gosselink, 2000; Duke et al., 2007). Mangrove ecosystems play an important role in tropical 
coastal systems by providing biotic and abiotic benefits to adjacent marine ecosystems, including 25 
seagrass beds and coral reefs. Biotic benefits may come in the form of providing a feeding or 
nursery habitat for reef and seagrass associated organisms (Robertson & Duke, 1990; 
Nagelkerken et al., 2000). Abiotic benefits may come in the form of coastal protection through 
the reduction of the hydrodynamic energy of incoming waves and currents (Othman, 1994; 
Quartel et al., 2007). Additionally, the intricate network of mangrove trees provides resistance to 30 
flowing water (Wolanski et al., 1992; Quartel et al., 2007), leading to a reduction in current 
velocity and the retention of suspended sediment and organic material (Furukawa et al., 1997). 
In this way, less suspended sediment is exported to adjacent marine systems, such as sensitive 
seagrass beds and coral reefs. 
 The capacity of mangrove forests to provide the aforementioned benefits partially 35 
depends on their nutrient status (Valiela & Cole, 2002). Many mangrove forests are naturally 
nutrient-poor (Reef et al., 2010). It might therefore be expected that nutrients from external 
sources are readily taken up by these forests, thereby acting as a buffer to protect adjacent marine 
ecosystems from an excess in nutrients (Valiela & Cole, 2002). However, in cases of extreme 
nutrient enrichment, the buffering capacity may diminish. An increasing proportion of the 40 
received nutrients is then outwelled to the ocean (Boto & Wellington, 1988; Dittmar & Lara, 
2001; Valiela & Cole, 2002). Furthermore, nutrient enrichment in mangroves may lead to a 
relatively smaller biomass allocation to root structures (Lovelock et al., 2009; Naidoo, 2009). 
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Decreases in root biomass result in fewer aerial root structures that can provide resistance to 
flowing water and facilitate sedimentation (Nepf, 1999; Lopez & Garcia, 2001; Bouma et al., 45 
2009). It may be expected that nutrient-rich mangroves will therefore trap less sediment and 
absorb a smaller amount of nutrients than nutrient-poor mangroves. The subsequent increased 
nutrient levels and turbidity in coastal waters can be expected to have great impact on the 
adjacent seagrass meadows and coral reefs, ecosystems that are already stressed by habitat 
destruction and ocean changes related to global warming (Duarte, 2002; Anthony et al., 2011). 50 
 Changes in catchment land use, particularly forest conversion to agriculture and urban 
areas, potentially affect in situ catchment soil processes (Fialho & Zinn, 2014; Zhao et al., 2015) 
as well as the nutrient status of downstream mangroves. For example, increased nutrient 
concentrations in the water column of streams and estuaries have been linked to land use 
conversion (Howarth et al., 1991; Beckert et al., 2011). Increases in sediment export in 55 
mangrove estuaries and other watersheds have also been linked to upstream deforestation 
(Valiela et al., 2014; Borrelli et al., 2015). To our knowledge, however, no direct correlation 
between changes in land use and mangrove nutrient status has been determined. This study 
primarily focuses on the relationship between land use and nutrient status of mangrove forests on 
three islands in southern Thailand. We anticipate that the amount of available nutrients will be 60 
higher for catchments with greater anthropogenic activity. This hypothesis is based on the idea 
that compared with natural systems, disturbed catchments will export more nutrients, experience 
accelerated erosion, and have a reduced capacity for nutrient retention (Vitousek & Melillo, 
1979; Reef et al., 2010). Although it is not possible to correlate mangrove nutrient status to one 
isolated form of land use, the study allows for an integrated, landscape-scale comparison of 65 
mangroves with differentially impacted catchments for tests of nutrient indicators operating at 
different time-scales.  
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 Including nutrient status indicators that reflect differences in nutrient availability over 
different time-scales is important because collectively they provide a more reliable view of the 
ecosystem, compared with approaches that utilise indicators indicative of only a single time-70 
scale. The three indicators used in this study were chosen for their practicality in the field and 
their expected response to land use changes. Firstly, direct nutrient measurements from 
porewater and sediment are greatly influenced by daily events, including tidal inundation and 
rainfall, and thus integrate over the shortest timespan with daily fluctuations (Lee et al., 2008). 
These parameters therefore display the greatest spatial and temporal variability (Lee & Joye, 75 
2006; Jennerjahn et al., 2009; Reef et al., 2010). Secondly, stable isotope signatures of sesarmid 
crabs reflect the stable isotope signatures of their diet sources (Peterson & Fry, 1987), and can 
therefore provide information on the origin of nitrogen in the system. This is because a high δ15N 
signature is associated with high nitrogen contents and high inputs of anthropogenic nitrogen 
into the system (Fry et al., 2000; Teichberg et al., 2010). This variable is an indicator of a longer 80 
period of nutrient uptake than the abiotic parameters, generally on the order of a few months 
(Gearing, 1991; Lorrain et al., 2002). Thirdly, the composition of mangrove leaves reflects the 
longest period of nutrient uptake, ranging from around six months to a year (Boto & Wellington, 
1983; Feller et al., 2003b). In addition to reflecting environmental nutrient levels, mangrove leaf 
δ15N signature can also provide information on the natural vs. anthropogenic origin of the 85 
nitrogen (Barile, 2004; Lapointe et al., 2005). Furthermore, leaf nitrogen resorption efficiency 
can provide information on foliar nitrogen economy and thus on the general nitrogen availability 
around the trees (Feller et al., 2003a). It is expected that, in this multiple time-scale analysis, 
long-term indicators are more reliable for indicating nutrient status than their short-term 
counterparts (van Katwijk et al., 2011).  90 
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MATERIALS AND METHODS 
The study sites chosen in Phuket and Phang Nga provinces of southern Thailand provided good 
examples of mangrove forests with differing anthropogenic influences in their respective 
catchments areas. Field measurements were conducted in November 2011 in eight mangrove 95 
forests on the islands of Phuket, Koh Yao Yai and Koh Yao Noi (Figure 1, Table S1). The 
mangroves were all classified as tidal, according to Woodroffe (1992). Seagrass beds were found 
adjacent to all study sites, although they were less developed for site 3 (on Phuket Island). Coral 
reefs were only present next to the Koh Yao Yai sites 6 and 8. The tidal range was approximately 
1.75 m throughout Phang Nga Bay (Khokiattiwong et al., 1991). 100 
 The climate is monsoonal with a dry season from November to April and a wet season 
lasting from May to October. Mean annual rainfall and temperature are 2300 mm and 28 °C, 
respectively. Temperature varies little year-round, with March being the hottest month (29 °C) 
and January being the coldest (27 °C). 75% of the yearly precipitation falls during the wet 
season, with September being the wettest (400 mm). The driest month is April with only 30 mm 105 
of precipitation. The soil of the Phuket catchment areas consisted mostly of sedimentary rock 
(mud stone, siltstone & sandstone), with small areas of granite on the higher parts. The 
catchments in the Koh Yao sites contained sedimentary rock only (Ampaiwan et al., 2009). At 
the time of study, the land use on all three islands was largely natural forest and rubber 
plantations, particularly on steeply sloped lands. Other land uses included rice paddies, shrimp 110 
and fish farms, cleared ground and urbanized areas. Rubber tree plantations and tourism (the 
latter particularly in Phuket) have largely replaced tin mining as a major source of income in the 
area. Phuket Island was more developed and urbanized than the other two islands, of which Koh 
Yao Noi was more developed than Koh Yao Yai. During the last few years the entire study area 
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has become more developed, with increasing urbanization, agriculture encroaching into 115 
terrestrial forest and shrimp farms encroaching on mangrove forests (Hossain et al., 2009). 
 
Catchment area land use composition and measuring points 
The borders of the catchment area of each study site were delineated in ArcMap Geographic 
Information Services (GIS) v.9.2, using the digital elevation data from the area. Using Quickbird, 120 
WorldView-1 and WorldView-2 satellite imagery, the land use in the catchment area was 
classified as mangrove forest, natural tropical evergreen forest, rubber or palm oil plantations 
(henceforth grouped as plantations), rice paddies, shrimp and fish farms, cleared land or urban 
areas. Areas for these land uses were then calculated in ArcMap Geographic Information 
Services (GIS) v.9.2. 125 
At each study site, measuring points were located along the tidal creek running through 
the mangrove forest. These ranged from the most seaward point where the creek reaches the 
ocean (0% up the tidal creek) through the most landward point where the creek begins (100% up 
the tidal creek); three points were located in between (25, 50 and 75%). For the best 
accessibility, sites were sampled starting at the interior of the forest at high tide then following 130 
the retreating tide seaward. All measuring points were located within 10 m of the tidal creek in 
the forest. Indicators were only measured at three points (0, 50 and 100%) at sites 4 and 5 due to 
the small size of the mangroves in those areas and the corresponding close proximity of 
measuring points. The most seaward point at site 1 was also not measured due to high tide levels 
which rendered the site inaccessible.  135 
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Mangrove forest nutrient status 
Abiotic parameters: porewater and sediment sampling 
Three replicate porewater samples were collected at each measuring point from the upper 10 cm 
of the sediment, in the active root zone at each measuring point using tension lysimeters. 140 
Immediately after sampling, samples (between 50 and 100 ml) were analysed for pH and redox 
potential using a handheld multiprobe meter (YSI 556MPS). Afterwards, they were stored in 
polyethylene containers and transported to the field laboratory where they were frozen until 
analysis. Samples were analysed for nitrate (NO3
-), nitrite (NO2
-), dissolved silica (DSi) and 
ortho-phosphate (PO4
3-), using a DR2800 portable spectrophotometer (Hach Lange GmbH, 145 
Germany) and Hach Lange powder pillows. Porewater NO3
-, NO2
-, DSi and PO4
3- were 
measured with the Cadmium reduction, Diazotization, Silicomolybdate and the PhosVer 3 
(Ascorbic Acid) methods respectively (Hach Lange GmbH, Germany). Ammonium, the 
dominant form of nitrogen in mangrove forests (Reef et al., 2010), was unfortunately not 
included in the analyses due to technical problems. 150 
Three sediment samples were also collected at each measuring point by inserting a 
handheld PVC core 5 cm into the soil. These samples were then oven-dried in the field 
laboratory at 60-70 °C for at least 48 hours before they were stored temporarily. The organic 
carbon potentially lost from drying at 60-70 °C was not deemed to significantly affect TOC 
values. Within a month, the samples were taken to NIOZ Yerseke, the Netherlands for analysis. 155 
The samples were first ground, using a mixer mill (Retsch, type MM301), after which the 
carbonates were removed by acidification (Nieuwenhuize et al., 1994). Samples were then 
measured for total organic carbon (TOC) and total nitrogen (TN) content using a Flash EA 1112 
Elemental Analyzer (Thermo Finnigan). 
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Mangrove crab isotopes 
Three to five individuals of the sesarmid crab Perisesarma erythrodactyla (hereafter mentioned 
as ‘sesarmid crabs’), with a carapace width ranging from 10 to 25 mm, were hand caught at the 
majority of measuring points. It was attempted to catch five crabs at each measuring point but 
fewer crabs were caught at the most seaward points, which were often inundated and seldom 165 
showed signs of crab presence. For this reason, no crabs were caught at sites 1 and 4 due to high 
tide levels at the time of sampling. Crabs were taken to the field laboratory where they were 
dissected. Only muscle tissue was extracted for isotope analysis. Structures such as the 
hepatopancreas and gonad tissue were avoided because they have high turnover rates and are 
therefore less reliable for reflecting the long term δ15N signature of the crab’s diet (Hesslein et 170 
al., 1993; Lorrain et al., 2002). Muscle tissue was rinsed with deionized water and oven-dried at 
60-70 °C for at least 48 hours. Samples were then stored dry and transported to NIOZ. The 15N 
stable isotope signatures were determined using the same methods as described for the green 
mangrove leaves. 
 175 
Mangrove leaf samples 
Three fresh green leaf and three decomposing brown leaf samples were collected at each 
measuring point. Each sample consisted of five mangrove (Rhizophora apiculata, hereafter 
mentioned as ‘mangrove’) leaves that were either handpicked from five separate living trees (i.e. 
green leaves) of heights ranging from 3 to 7 m or collected from the water and sediment (i.e. 180 
brown leaves). Before further analyses, brown leaves were rinsed with deionised water to 
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remove any attached sediment. The samples were oven-dried in the field laboratory at 60-70 °C 
for at least 48 hours before they were stored and transported within a month to the NIOZ. The 
leaves were ground, using a mixer mill (Retsch, type MM301), and TOC and TN were measured 
using a Flash EA 1112 Elemental Analyzer (Thermo Finnigan). Leaf nitrogen resorption 185 
efficiency was calculated using the formula in Feller et al. (2003a). 15N stable isotopes of the 
green leaf samples were measured using a Delta V Advantage isotope ratio mass spectrometer 
(Thermo Finnigan) that was coupled, via a ConFlo III interface (Thermo Finnigan), to the Flash 
EA 1112 Elemental Analyzer (Thermo Finnigan). 
 190 
Statistical analysis 
The Shapiro-Wilk test was used to verify that measured parameters were normally distributed, 
although the power of the test was low due to the small sample size. Data were then checked for 
equality of error variances using Levene’s test. Significant differences between groups were 
assessed using one-way ANOVA with a Tukey post-hoc test for equal variances or using a 195 
Welch test and a Games-Howell post-hoc test for non-equal variances. Relationships between 
different parameters were defined using the Pearson correlation coefficient and tested for 
significance using a two-tailed t-test. 
Multivariate analyses of the different measured parameters (‘response variables’) and the 
land use in the catchment area (‘explanatory variables’) were performed in Canoco for Windows 200 
version 4.5 (ter Braak & Smilauer, 2002). Because the response curve of the response variables 
could be best described by a linear response model rather than a unimodal model, principal 
component analysis (PCA) was performed. Occasional missing values were substituted by 
median values, after Ter Braak and Smilauer (2002).  
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RESULTS 
Within and among-site variability  
Porewater, sediment, mangrove leaves and sesarmid crab tissue parameters displayed great 
variability among sites (Table 1). Abiotic parameters varied more among sites (almost a factor 
10 for porewater ortho-phosphate (Table 1)), than biotic parameters. Although redox and pH 210 
values varied slightly between study sites (figure S1), no significant differences were observed. 
Porewater nitrate, ortho-phosphate and dissolved silica increased significantly in the landward 
direction at sites 3, 7 and 8, respectively (r = 0.93, p = 0.022; r = 0.89, p = 0.043; r = 0.908, p = 
0.033 respectively, Figure S1). Brown mangrove leaf TOC content and sediment C:N ratio 
decreased significantly in the landward direction at sites 6 and 8 respectively (r = -0.903, p = 215 
0.036; r = -0.931, p = 0.022 respectively, Figure S1). While TOC content did not vary 
significantly between green and brown mangrove leaves (p = 0.150), leaf N content was 
significantly (p < 0.01) higher in green leaves, which also caused the significantly (p < 0.01) 
lower C:N ratio of green leaves. Furthermore, the positive relationship between mangrove leaf 
δ15N signature and nitrogen content, which is often cited in literature (Fry et al., 2000; Teichberg 220 
et al., 2010), was also found during this study (r = 0.389, p = 0.021, Figure S1). Sesarmid crab 
δ15N signatures were also significantly (p < 0.01) higher than those of green mangrove leaves. 
 
Relationship between land use and mangrove nutrient status 
Significant linear correlations were found between total area occupied by all forms of land use, 225 
except shrimp and fish farms, and parameters indicative of nutrient status (Table 2). The 
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mangrove leaf indicators, particularly green mangrove leaf δ15N signature, displayed the most 
(15) significant relationships with land use. The abiotic indicators had less significant 
relationships with land use (3), while sesarmid crab tissue δ15N showed none at all (Table 2).  
Area increases of anthropogenically impacted landscapes, in particular cleared and urban 230 
areas, were generally positively correlated with indicators of nutrient-rich conditions such as 
high mangrove leaf δ15N values. Furthermore, the area occupied by urban and cleared lands was 
negatively correlated with indicators of nutrient-poor conditions, such as a high mangrove leaf 
TOC content and C:N ratio (Table 2). In contrast, mangrove and natural forest areas were 
positively correlated with indicators of nutrient-poor conditions such as a high mangrove leaf 235 
TOC content and C:N ratio. The area occupied by mangrove and natural forest was negatively 
correlated with porewater ortho-phosphate concentrations, mangrove leaf TN content and δ15N 
signature, indicators of nutrient-rich conditions. No significant relationships were found for 
plantations (rubber and palm oil) and aquaculture (shrimp and fish farms). 
 Principal component analysis provided further distinction between natural and 240 
anthropogenically-impacted land uses (Figure 2). Mangroves and natural forests are situated in 
the upper left quadrant of the plot together with indicators of nutrient-poor conditions, including 
a high green and brown mangrove leaf C:N ratio. Anthropogenically-impacted land uses, such as 
cleared and urban areas, were located on the opposite side, in the lower right part of the plot. 
Indicators of nutrient-rich conditions, such as high porewater ortho-phosphate concentrations, 245 
were also positioned in this section of the plot. These findings illustrate the correlations between 
land use and nutrient status elaborated in the previous paragraph (Table 2). Agricultural land 
uses, including plantations and rice paddies, plot in the lower left section. Thus, they show more 
similarity with natural forms of land use than with cleared and urban areas. Dissolved silica and 
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nitrate also plot in this section. The first two PCA-axes in this plot explained 63.7% (41.6% and 250 
22.1% respectively) of the variation in response data.  
 
DISCUSSION 
The results of this study stress the importance of selecting appropriate nutrient status indicators. 
With fifteen significant relationships, mangrove leaf TOC and TN content and δ15N signature 255 
correlated the most with land use. These were also the only indicators that showed significant 
relationships with anthropogenically impacted forms of land use including cleared and urban 
areas. The abiotic indicators that integrated over shorter timespans (i.e. porewater nutrients and 
sediment TOC and TN content) only showed three significant correlations with land use. These 
abiotic parameters tend to fluctuate over time, and they are therefore less reliable long-term 260 
indicators of nutrient status (Lee & Joye, 2006; Jennerjahn et al., 2009). Additionally, these 
abiotic parameters also integrated information on a small spatial scale, because they are heavily 
influenced by local conditions such as redox potential, which in turn is affected by factors that 
act on a very small scale, including crab activity and duration of tidal inundation. (Reef et al., 
2010). Our study therefore suggests that long term indicators, such as mangrove leaf nutrient 265 
content and stable isotope signature, are better indicators to identify mangrove nutrient status 
than indicators that integrate over shorter timespans. 
Because the Phuket sites are generally richer in nutrients than the Koh Yao Noi and Koh 
Yao Yai sites, region-specific effects might also cause the differences in nutrient status among 
the different sites. For example, the Phuket sites are richer in nutrients because the surrounding 270 
ocean in that region is richer in nutrients because of a general higher nutrient export from Phuket 
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to the surrounding ocean. For silica, differences in catchment geology might also cause different 
silica weathering rates. Porewater ortho-phosphate concentrations were indeed higher on Phuket 
island than on the Koh Yao islands (18.8 µM vs. 5.4 µM), but other parameters that integrate 
over longer timespans displayed fewer region-specific patterns. In addition, the PCA plot 275 
indicates that study sites 1, 4 and 8 (located on Phuket, Koh Yao Noi and Koh Yao Yai 
respectively) are more similar to each other than to the other study sites in the region. Site-
specific effects therefore appear to be more important than regional effects in determining the 
nutrient status of the mangroves. For silica, no great difference in weathering rates is expected 
between the different soil types found in our study area (granite vs. sedimentary rock) (Bluth & 280 
Kump, 1994). Finally, the spatial distribution of different indicator values, along a seaward-
landward gradient, suggests that landward points are generally richer in nutrients than seaward 
points. This trend suggests that nutrients mostly originate from the inland catchment area, not 
from the ocean. It can thus be concluded, because of the relatively even spread of the different 
forms of land use and data from various long-term nutrient status indicators among our study 285 
sites, that the differences in nutrient status among sites were probably caused by site specificity 
and not regional phenomena. 
 
Relationship between land use and mangrove nutrient status. 
The general trends, supported by all analyses, were that mangroves in catchments with 290 
substantial anthropogenic influence show increased nutrient availability, and mangroves situated 
in less disturbed catchments displayed a low nutrient availability.  
The area of mangroves and natural forest in the catchment was found to be positively 
correlated with mangrove leaf TOC and C:N ratio and negatively correlated with porewater 
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phosphate concentrations, leaf TN and δ15N signature. These relations indicate lower nitrogen 295 
and phosphorus availability as well as a lower input of anthropogenic nitrogen, which might be 
caused by a higher retention and lower export of nutrients by these natural land use types 
(Vitousek & Melillo, 1979; Reef et al., 2010).  
Rubber and palm oil plantations in the catchment were also correlated with nutrient-poor 
conditions in mangroves, although PCA analysis indicated this effect was not as profound as that 300 
caused by the presence of forest area. Plantations at the study sites are therefore expected to 
export very few nutrients to the adjacent mangrove forests. Based on previous studies, rice 
paddies were expected to create nutrient-rich conditions in downstream mangroves by leaching 
nitrogen into the surrounding ecosystems (Choudhury & Kennedy, 2005). However, our study 
showed no correlation between rice paddy area and indicators of mangrove nutrient status. This 305 
lack of correlation is possibly due to low fertilizer inputs or the use of organic amendments, 
reducing nutrient runoff (Yang et al., 2008; Srinivasarao et al., 2014), during rice cultivation in 
this area.  
The amount of cleared or urbanized area was negatively correlated with mangrove leaf 
TOC and C:N ratio. It was also positively correlated with mangrove leaf nitrogen content and 310 
δ15N signature. These correlations reflect a higher nitrogen availability, which was probably 
created by inputs of anthropogenic nitrogen. In general, urban areas are often a major source of 
nutrient enrichment of coastal areas and mangroves (Carpenter et al., 1998; Basnyat et al., 1999). 
Correlations between the area of cleared land and nutrient availability are probably related to 
increased surface runoff following clearance and reduced soil infiltrability (Likens et al., 1978; 315 
Ziegler et al., 2004). It should be noted that the high amounts of urban and cleared area from 
study site 3 play a large role in these correlations, a phenomenon we did not observe for other 
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types of land use and other study sites. The lack of relationships between mangrove nutrient 
status and the area devoted to shrimp and fish farming was surprising at first sight. These types 
of aquaculture have been reported to export nutrients originating from applied shrimp feed or 320 
trash fish to surrounding ecosystems (Briggs & Funge-Smith, 1994; Wu, 1995). The area 
devoted to these practices, or the intensity in which they are operated, however, is likely not 
sufficient to effect mangrove nutrient status at our sites. Prior research in the study area (site 2) 
also observed that shrimp farms had a very limited impact on mangrove nutrient status 
(Kristensen & Suraswadi, 2002). Other factors, such as the position of aquaculture in the tidal 325 
creek and the temporal variability in nutrient loading may further have limited the effect 
aquaculture had on mangroves. 
The observation that mangrove forests in catchments with substantial anthropogenic 
influence were richer in nutrients than those in less disturbed catchments does not only have 
great effects on the forests themselves, but also potentially on adjacent ecosystems. In nutrient-330 
enriched mangroves, a smaller portion of the received nutrients can be taken up by the trees and 
thus, a greater total amount is exported to the ocean (Boto & Wellington, 1988; Dittmar & Lara, 
2001; Valiela & Cole, 2002), potentially affecting seagrass meadows and coral reefs (Gillis et 
al., 2014). 
 335 
CONCLUSIONS 
In this study we found that urbanization and land clearance in the catchment area can lead to 
nutrient enrichment in mangrove forests, with a potential consequence of contributing to a 
greater total amount of nutrients exported to coastal ecosystems. Furthermore, our study stresses 
the importance of selecting appropriate nutrient status indicators for monitoring and management 340 
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of mangrove forests and adjacent ecosystems and for effective evaluation of the effect of 
(changes in) land use in catchment areas. 
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  355 
 Parameters indicative of 
nutrient-poor conditions 
Parameters indicative of nutrient-rich 
conditions 
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Natural Forest (NF) 0.790 0.766  -0.942**     
Mangrove (M)+NF 0.725 0.762  -0.860  -0.767 -0.746  
M+NF+Plantation (P)       -0.785  
Rice Paddy (RP)     -0.813    
Cleared ground (C) -0.717      0.788  
Urban area (U)   -0.782    0.902** 0.728 
C+U -0.722  -0.718    0.883**  
Table 2. Pearson’s r values for all significant linear relationships between the percentage of a particular type of land use in the 
catchment area and parameters indicative of nutrient status (the rationale for the division of parameters can be found in the 
Introduction). Green values show significant positive relationships between the percentage of land use and the parameter, while red 
values indicate significant negative relationships. All presented relationships were found to be significant at the p ≤ 0.05 level, while 
relationships with asterisks were significant at the p ≤ 0.01 level. Only parameters and (combinations of) forms of land use for 
which significant relationships were found are shown.  
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Site Area 
 
(km2) 
Tidal creek 
length (m) 
Mangrove 
 
 (%) 
Natural 
forest 
(%) 
Rubber tree 
plantation 
(%) 
Oil palm 
plantation 
(%) 
Rice paddy  
 
(%) 
Shrimp 
farm  
(%) 
Fish farm  
 
(%) 
Cleared 
ground 
(%) 
Urban area  
 
(%) 
1 29.6 3190 11.0 0.9 70.7 8.2 0.2 4.1 2.9 •10-3 3.5 1.3 
2 9.9 3500 27.8 11.2 37.1 0.7  12.0 3.5 •10-2 7.3 3.8 
3 8.1 3160 7.0 4.7 12.7   4.5 3.4 •10-2 22.2 48.8 
4 4.7 100 8.0 19.1 39.2  26.0   2.7 5.1 
5 0.6 440 39.7  21.3  13.5 11.4  9.7 4.4 
6 3.2 700 22.4 43.6 25.8  4.0 5.8 •10-2 5.2 •10-2 2.2 1.9 
7 12.3 1970 12.6 29.3 46.8 2.1 4.2 4.1 •10-2 8.0 •10-3 1.8 3.1 
8 11.3 2630 18.6 19.0 49.0  6.9   2.4 4.1 
Table S1. Catchment area (km2), tidal creek length (m) and land use composition (% of total land use) of the eight different study 
sites. 
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Figure 1. Study site location and land use composition of the study sites used during this study. Study sites are indicated 
as black dots on the map showing Phuket Island and sampling points are indicated as red dots in the individual 
catchment areas. 
 
 
 
 
 
 
 
 
 
 
8. Figure captions 
 
Figure 2. Principal component analysis triplot of the parameters indicative of nutrient status (black dotted arrows) 
and the types of land use (red solid arrows), the study sites are indicated as circles. GL and BL represent green 
and brown R. apiculata leaves and C and N carbon and nitrogen. Crab 15N represents P. erythrodactyla tissue 
stable isotope signature. Only the forms of land use which have significant relationships with parameters 
indicative of nutrient status are shown. 
Figure S1. Relationship between the relative distance towards the most landward point of the tidal creek and 
porewater nitrate at site 3 (A), porewater orthophosphate at site 7 (B), porewater silica at site 8 (C), Brown R. 
apiculata leaf TOC at site 6 (D), and sediment C:N ratio at site 8 (E). Also shown is the relationship between 
green R. apiculata leaf δ15N and green R. apiculata leaf TN (F) and the porewater redox potential (G) and pH (H) 
values. 
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